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Abstract
Ceria has been studied during the last decades due to its unique properties and their
corresponding applications. Is an important material in industry, state of the art en-
ergy research, optics and biomedicine, among other fields. Advances in synthesis of
well-defined nanostructured materials and theoretical studies using computational
quantum mechanics have lead to a deeper understanding of the reaction mecha-
nisms at the atomic level. Which has been crucial for the development of enhanced
catalysts.
In the first part, this work presents the synthesis, characterization and catalytic
test using CO oxidation as probe reaction of different bare ceria samples. After a
brief comprehensive introduction to the topic, which in conjuction with the char-
acterization results will provide us with the necessary tools to understand all the
experiments outcomes.
The second part consists in the improvement of the catalytic activity of the first
samples by depositing AuCu nanoparticles. Which have been used previously on
supports other than ceria for CO oxidation and other redox reactions. The results of
the characterizations and experiments will provide the key insights into the reaction
mechanism in order to establish a reliable relation between catalytic properties and
structure. Contributing in this way to the development of enhanced oxide-supported





1.1 Ceria in catalysis
Catalysis is nowadays a well understood phenomenon which plays an essential role
in the manufacture of many chemicals and the conduction of many fundamental
processes for our society. Its use provides us with technical, ecological and econom-
ical viability for many necessary reactions as well as the avoidance of pollutants.
Traditionally, three main fields are distinguished in catalysis: heterogeneous, homo-
geneous and enzymatic. Being the first one the main focus of this work, includes
all the reactions in which the catalyst and reactants are in different phases such as
solid catalyst and gas reactants.
In heterogeneous catalysis there are reactions which are structure-sensitive. In
those cases, the rate of the reaction per surface exposed atom or turnover frequency
(TOF) depends on the nature of the exposed surface: crystal planes exposed, the
smoothness of the surface... Therefore the control at the nanometer scale of catalysts
is desirable for many applications.
Nanostructured ceria is one of the most studied rare earth oxides due to its
applications in energy and environmental sciences. Mainly due to its redox and
transport properties and for its availability with respect to other rare earths. Cerium
is more common in the Earth’s crust (66.5 ppm) than that of copper (60 ppm) or
tin (2.3 ppm).1,2 It is used as a promoter in the three-way catalyst (TWCs) for the
elimination of toxic exhaust gases, low-temperature water-gas shift reaction, solid
oxide fuel cells (SOFC), biomass reforming, UV blocker . . . 3–9
Ceria’s stable crystal phase depends on temperature, pressure and O/Ce ratio.
CeO2 crystallizes in the fluorite crystal structure over the temperature range from
room temperature to the melting point (which for pure stoichiometric CeO2 is around
2750 K).1,10,11 Its structure can be understood as a face centered cubic f.c.c. unit cell
of cerium cations with the oxygen anions occupying all the tetrahedral interstitial
sites, where each cerium cation is coordinated by eight equivalent nearest-neighbor
oxygen anions and each anion is coordinated by four cations.2,10,12,13
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Figure 1.1: Fluorite structure, where the coordination of an oxygen anion is explicitly
shown
Cerium in the neutral state has the electronic configuration: [Xe] 4f1 5d1 6s2,
with the four outermost electrons being valence electrons.10 Most of the properties
of ceria (high oxygen storage capacity, catalytic activity . . . ) are attributed to the
facility of ceria to generate oxygen vacancies and fill them back, which is a direct
cause of how easily cerium changes from Ce4+ to Ce3+. Partially due to the low
potential energy barrier to the electron density distribution existing between the two
oxidation states ([Xe] and [Xe] 4f1).14 Although the Ce4+ oxidation state is usually
considered more stable than Ce3+ due to the fact that the electronic structure [Xe]
4f0 is a more stable state than [Xe] 4f1.10,15
Usually it is used the Ce3+ fraction to discuss the proportion between the two
oxidation states and the concentration of oxygen vacancies present, which is ex-
pected to be proportional given that oxygen has in ceria an oxidation state of -2
and thus when leaving, two electrons are accommodated in two adjacent cerium
cations. Increasing in this way the proportion of Ce3+ ions in order to maintain
electroneutrality, as it will be discussed in the following section.10,16,17
1.2 Defects
Several types of defects can be found on ceria and they can be classified into intrinsic
and extrinsic. The former are caused by thermal disorder (mainly in the form of
redox reactions with the surrounding atmosphere) and the later by impurities or
introduction of dopants.10,15 We consider here three thermally generated intrinsic
defects, which written in the Kröger and Vink defect notation are expressed as fol-
lows:
CeCe + 2 OO V
′′′′
Ce + 2 VO + CeO2 ∆E = 3.53 eV (a)
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CeCe Cei + V
′′′′
Ce ∆E = 11.11 eV (b)
OO O
′′
i + VO ∆E = 3.2 eV (c)
Where OO and CeCe account for oxygen and cerium at their respective lattice
sites, VO and V
′′′′
Ce represent an oxygen and a cerium vacancy respectively. Cei and
O′′i indicate a cerium and an oxygen ion in an interstitial position, where the effective
charge (expressed with respect to the usual charge in that same position) is written
as a dot for each positive charge and as a prime for each negative one.10,18
From the variation in energy it is clear that the most common defect is going
to be the formation of oxygen vacancies and oxygen ions in interstitial sites. And
normally this defects are present in a low concentration, so no stoichiometric de-
viation is observed. However, when exposed to reducing atmospheres and/or high
temperatures the concentration of vacancies increases and the cation/anion ratio
becomes greater than 0.5. This variation in composition is possible due to the local-
ization of the electrons that the oxygen has left behind in the cerium cations, which
changes their oxidation state from +4 to +3.10 The complete process of vacancy
formation/elimination may be written as follows:
CeO2 2 xCe
′
Ce + (1 − 2 x)CeCe + xV′′O + (2 − x)OO + 0.5 xO2
This same process can be also expressed in a more simple way like:
CeO2 CeO2–x + x/2 O2(g) with x < 0.5
As a consequence CeO2–x is obtained with x depending on vacancy concentra-
tion (with the limit on Ce2O3 and thus x = 0.5). This cerium oxide of variable
stoichiometry is commonly known as ceria.11 And, according to literature, forms a
purely fluorite structure as mentioned earlier for CeO2 and fluorite-related structures
from CeO2 to CeO1.714 (the specific structure will depend on temperature, pressure
and oxygen/cerium ratio, although all of them can be regarded as a distortion of
the fluorite lattice). For O/Ce ratios lower than 1.714 ceria crystallizes in a body-
centered cubic for high temperatures with the limit on dicerium trioxide generally
known as sesquioxide Ce2O3. Having the CeO2 flourite structure a lattice constant
of a = 5.411 Å, which can vary due to the fact that the radius of Ce3+ is larger than
that of Ce4+. Thus is dependent on the different proportion of oxidation states for
cerium.10,13
All this is supported by the fact that several theoretical studies and experiments
determined that the predominant defects in ceria are anion vacancies. It is well
established nowadays that at low partial pressures of oxygen and high temperatures,
some oxygen is released from the ceria due to the creation of oxygen vacancies and as
a consequence there is an accumulation of high oxygen deficiency while maintaining
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structural integrity (with the limits that have been mentioned). These defects were
initially thought to organize in a random way, but in reality this phases could show
ordering of oxygen vacancies in a regular fashion. As shown in atomic simulations
oxygen vacancy clustering is energetically favourable above a certain threshold value
of vacancy concentration.10,19
1.3 Size
Another important parameter is the particle size. It was experimentally observed
by Tsunekawa et al. that monodispersed ceria nanoparticles (NPs) between 2 and
8 nm show a noticeable increase in their lattice constant compared to that of bulk,
measured by XRD.20,21 The lattice relaxation was a consequence of the reduction
in the particles size, with the smallest particles presenting the largest increase in
the lattice constant. This was linked to the reduction of the valence of Ce with
the decreasing NP size. The change in the charge from +4 to +3 resulted in a
decrease in the electrostatic forces that lead to the increase of the lattice constant.
This correlation between oxygen vacancies concentration and crystal size was also
measured by Zhou et al., founding an increase in vacancies for ceria with crystal size
< 10 nm.22
Figure 1.2: Relation between concentration of oxygen vacancies and relaxation of
the lattice parameter.1,12
Moreover, modelling studies have investigated the ease of vacancy formation in
ceria NP with varying size. Neyman et al. investigated the energy of vacancy
formation for nanocrystals (NC) (CeO2)n with n from 20 to 140. Finding that it
was strongly dependent on oxygen position and that was strongly facilitated for




The shape at the nanometer scale and the facets exposed are factors that can modify
significantly the performance as a catalyst. As it has been verified, first theoreti-
cally and then experimentally, the exposure of some facets can vary the rate at which
oxygen vacancies are created/filled back thus varying the redox activity and perfor-
mance in the reactions that are driven by the redox behaviour of the catalyst.24
For instance, theoretical studies were made through atomistic simulation in order
to gain insight into the bulk and surface properties of ceria. By means of empirical
models of interatomic potentials adjusted using experimental data or ab initio meth-
ods. The later consists of applying the principles of quantum mechanics to solve
the many-body problem, which means solving numerically the different reformula-
tions and approximations of the Schrodinger equation for our system. One of the
first conceived and simpler approaches is Hartree-Fock, which considers the solution
of an electron interacting with an average charge density of all the other electrons
(Mean-Field approach) and an antisymmetric ansatz called the Slater determinant
(a requirement related with the indistinguishability of electrons). Using Hartree-
Fock some groups studied the stability of the different facets and determined their
surface energy.25 Another popular approach is Density Functional Theory (DFT),
which solves the Kohn-Sham equations to find the charge density by means of pseu-
dopotentials. Using DFT Nolan et al. calculated the low index surface Gibbs free
energies and their results where in agreement with the ones found using Hartree-
Fock by other groups (shown below in Table 1.1). The stability of these surfaces
has to do with the number of coordinative unsaturated sites, surface polarity and
defects. These studies also covered the calculation of the vacancy formation energy
on each of the three low indexed surface, finding that the most stable surface had
the highest vacancy formation energy.26
Here the Miller indices are introduced as a notation to describe the different
planes the ions can form in a crystal. Being a, b and c the three lattice vectors that
define the unit cell, the vector n = ha+ kb+ lc would be the normal vector to that
family of planes. Where h k and l can be seen as the number of times the planes
intersect a, b and c respectively. And thus when the facet or plane hkl is mentioned,
we will be referring to the corresponding Miller indices of that plane.
The thermodynamically most stable crystallographic facet was found to be the
111 followed by the 110 and the least stable being the 100. Followed by the 211,
unfortunately it rapidly reconstructs into a stepped 111 surface. Experimentally
and theoretically surface relaxation (the displacement of surface ions to decrease
the energy of the surface) has been measured and calculated with DFT. Finding
little relaxation in the 111 surface and greater one for 110 and 100. Other higher
indexed surfaces are even more unstable thereby more unlikely in real systems. The
majority of the studies have focused in the three more stable and common facets of
ceria, the ones with the lowest index.19,24,27–29
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Table 1.1: Coordination number: number of atoms bonded to each ion at the surface,
Unsaturated sites: potential sites at which an adsorbate can bond at the surface.
Surface energy: energy required to form each surface. Vacancy formation energy:




O (3), Ce (7) O (3), Ce (6) O (2), Ce (6)
Coordinative
unsaturated sites







It should be noted that the error in DFT calculations is systematic, and thus the
interesting data is the energy differences and not the absolute values. These varia-
tions come from the fact that each facet presents a different arrangement of cerium
and oxygen even though they are all coming from the same fluorite structure. The
111 for example is terminated in oxygen (which has been measured experimentally19)
with a repeating O Ce O O Ce layer structure. Due to the difference in elec-
tronegativity between Ce and O, the charge density of the valence electrons migth
be displaced with respect to their nuclei leading to what is known as polar bonds.
In this case, as we have one oxygen layer at each side of the cerium surface the
dipole moments cancel out. So it has no net dipole moment due to the repeating
layers of O-Ce-O which ensures charge neutrality. And it has only one coordinative
unsaturated site for each ion. Using VESTA30 we can visualize the different facets
(in blue) in the fluorite structure of ceria, being the 111 depicted in Figure 1.3.




Conversely, the 110 has both oxygen and cerium in each plane being both of
them present on the surface in stoichiometric proportion (which was also measured
experimentally19). And thus each layer has zero net charge. Studies have shown
that the surface relaxation in this facet traduces in both ions moving inwards but
the cerium cation moving further than the oxygen anions. With the oxygen ions
shifting towards the nearest cerium ion in the same layer to compensate for the
asymmetric inwards vertical relaxation.19 In this case, anions have one unsaturated
coordinative site at the surface while cations have two.
Figure 1.4: Plane 110 seen from two different angles
The most unstable of the three low index surfaces is the 100, consisting of O-
Ce-O-Ce repeating layers, which generates a dipole moment perpendicular to the
surface due to the sequence of charged (cation-anion) planes. And therefore requires
a reconstruction since dipolar surfaces are unstable. Usually this reconstruction
consists on the removal of 50% of the terminating species. Which are considered
to be oxygen, due to the lower surface energy in that case. If we remove 50% of
surface oxygen then we obtain two coordinative unsaturated sites at the surface for
each ion. The 100 surface undergoes the strongest relaxation with the terminating
oxygen anions shifting inwards and a reduction of 7.6 % in the last Ce-O bond
distance between surfaces.19 Which could account partially for the higher vacancy
formation energy on this facet even though is the facet with lowest coordination
value for oxygen.
Figure 1.5: Plane 100 seen from two different angles
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The different facets show different reduction properties, which were firstly dis-
covered by theoretical simulation studies which are a major part when it comes to
understanding the catalytic properties of ceria. This studies yield different oxygen
vacancy formation energy for each facet. This vacancies can act as oxygen activation
centers in oxidation reactions and thus are strongly related with catalytic activity.
Looking at the vacancy formation energies of each configuration yielded by DFT
calculations we can conclude that the order of reactivity for the vacancy formation
(and thus catalytic activity whenever vacancy formation is the limiting step) is: 110
> 100 > 111. This statement set the basis for several experimental studies on ceria
NC.12,24,27,31
1.5 Synthesis techniques
A clear correlation between crystal shape and catalytic activity/selectivity was es-
tablished.2,24,32 By synthesizing, characterizing and testing in prove reactions differ-
ent ceria-based materials which had distinct morphologies at the nanometer scale,
and thus exposed different facets of the crystal.
In a typical synthesis two stages can be distinguished: nucleation and growth.
Nucleation is the first part of any crystallization process. When the concentration of
the different components (ions, molecules or atoms) becomes high enough and they
start aggregating forming nuclei. In the second part these nuclei serve as seeds for
further growth to form larger structures. The morphology of which will be controlled
by an interplay between thermodynamics and kinetics. Under thermodynamic con-
trol the greatest proportion of the most stable surfaces will be formed. According
to the Gibbs-Wulff theorem, the equilibrium morphology of a NC is the one that
minimizes surface energy for a given volume. In the case of ceria would be a poly-
hedron shape enclosed by 111 facets. And thus if a crystal of higher surface energy
is required, its synthesis will necessarily take place through the kinetic control of
nucleation and growth rate of the crystal in the different directions, by reaching
a metaestable NC shape tunning the reaction conditions and stopping the growth
before the reaction reaches equilibrium.24,27,28,33,34
The growth rate of the material in the different directions can be changed by
means of modifications in surface anisotropy using additives or changes in experi-
mental conditions such as pH, temperature, nature of the precursors. . . Resulting
in several types of structures depending on the relation between the growing rates in
each direction. 0 D structures such as nanospheres, nanocubes, and nanopolyhedra
are the result of maintaining the same growth rate in each direction. 1 D struc-
tures like nanowires, nanorods and nanobelts are formed increasing significantly the
growth rate in one specific direction. While 2D nanomaterials are the result of the
important reduction in the growth rate of a specific direction, thus creating flat-
tened nanoplates and nanosheets. Even hollow or tubular structures can be made.
Although ceria NP usually crystallize in polyhedral shapes enclosed mainly by low
energy surfaces, mainly 111 but also 110 and 100.27,28,32,33,35–38
Inorganic/organic additives are used as capping agents due to their selective
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binding properties onto the different facets, thus blocking the growth of the crystal
in the desired direction for a specific concentration of the surfactant. Whenever
capping agents are used it appears the necessity of removing them effectively after
the growth of the crystal, being then a disadvantage when CeO2 with maximum
reactive sites is required.10,36 In this cases a good alternative is the employment of
a hydrothermal/solvothermal process (although a combination of both techniques is
also possible as we will see), which is one of the most simple and efficient ways to
synthesize ceria NC with shape control and without the necessity of surfactants or
templates.27,38,39 With this method, a cerium salt (Ce(NO3)3·nH2O or CeCl3·nH2O
for example) is dissolved in water and mixed with a base (NaOH, KOH or NH3
among others) obtaining a suspension that is transferred into a Teflon-lined auto-
clave performing a thermal treatment between 373-493 K for 8-50 h. The structural
isotropic nature makes it difficult for ceria to grow anisotropically to produce other
shapes than polyhedral crystals. However, the intermediates in the reaction during
the hydrothermal/solvothermal process or the counterions of precursors can func-
tion as capping reagents, blocking in this way the growth in some specific directions
and forming nanoshapes.10,27,31,40,41
Using these techniques among others, researchers were able to prepare rods,
cubes, wires, tubes, spheres. . . and to relate their catalytic performance to the pro-
portion of the different facets that were exposed by each morphology. Experimen-
tally nanorods were found more active than nanoparticles (NP) in various catalytic
reactions and the difference was attributed to the higher proportion of 100/110
facets with respect to the mainly 111 facet exposed in polycrystalline particles, thus
establishing a correlation between the facets and catalytic activity which at its turn
related with oxygen vacancy formation rate.1,2, 24,37,41,42
1.6 Reaction mechanism
Among the different applications in which ceria can be used as a catalyst, one
of the most relevant is CO oxidation to CO2. Ceria as a catalyst is important
to eliminate toxic exhaust gases from combustion (in cars, power plants...) and
for its use as electrolyte material in Solid Oxide Fuel Cells (SOFC) and Proton-
exchange membrane fuel cells (PEMFC). In the former, the oxidation of CO is
conducted to prevent the poisonous CO from escaping to the atmosphere as it binds
to hemoglobin and represents a public health issue. In the later, ceria has potential
as solid oxide ion conducting electrolyte membrane between cathode and anode in
SOFC. It would lower the temperature operation of SOFC and PEMFC due to its
superior ion conducivity (which is related with the oxygen vacancies in the lattice)
and eliminate CO which is detrimental for the efficiency of PEMFC.
In CO oxidation catalyzed with ceria we have to consider the chemical dynamics
at the gas-surface interface for instance. The species in gas form may exchange
translational and internal energy with the surface and some of them will lack the
momentum to escape the gas-surface potential well and thus become trapped. This
molecules may react with other adsorbates as it is the case in CO oxidation and in
9
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time acquire sufficient thermal energy to desorb into the gas phase.43
CO oxidation on ceria catalysts is known to follow under stationary conditions
the Mars-van Krevelen reaction mechanism. The characteristic feature of the reac-
tions that follow this mechanism is that some products leave the catalyst surface
with at least one of the constituents of its lattice. In this case adsorbed CO leaves
the surface after being oxidized by adsorbed O. The rate of oxidation of adsorbed
CO depends on the number of available active sites, the oxygen diffusion rate in the
ceria lattice as well as the adsorbed oxygen replenishment rate from bulk ceria and
gas-phase oxygen among other things.29 As it is shown in the following scheme:
Figure 1.6: Scheme of the Mars-van Krevelen mechanism for CO oxidation on ceria.2
In the case where the exposed facet is the 100.
During the process, CO extracts an oxygen atom from the surface creating an
oxygen vacancy. O2 is then adsorbed onto the surface and dissociates, filling back
that vacancy (see Figure 1.6 A). This adsorbed oxygen is in the form of superoxides
(O2–) or peroxide (O–). Both are intermediates in the process of oxygen gas incor-
poration into the lattice. Ce3+ ions (oxygen vacancies at the surface) can serve as
coordination sites to induce the formation of these active oxygen species (adsorption
and dissociation of oxygen gas).13,44,45 These species react with adsorbed CO (B)
to give CO2 and finally abandon the surface after its desorption (D).
Diffusion of oxygen anions as well as other transport properties are determined
by the concentration and mobility of vacancies (C). This properties play a key role in
the applications mentioned before: solid oxide electrolytes and in catalysis, because
the material has to be reduced rapidly by the reagent and reoxidized by means of
the incorporation of gaseous oxygen into the lattice. Whenever the availability of
oxygen from the gas phase is not constant or the creation of oxygen vacancies at the
surface is not a limiting step, oxygen diffusion from the bulk to the surface becomes
10
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relevant and starts to play a role. And thus ceria can supply oxygen when there is
oxygen gas deficit or reserve it in the case of abundance.44
1.7 Metallic NP supported over ceria
Ceria can be used as active support in many reactions. The deposition of active
components enhances the creation of oxygen vacancies and thus oxygen mobility by
means of promoting the cerium ion reduction at lower temperatures as shown by
Temperature Programmed reduction (TPR) profiles in some studies before and after
metal NP deposition.46 Oxygen vacancies also strengthen the interaction between
the active material and the support which is indispensable to stabilize the metal NP
on the support.46,47 Both properties can form a synergistic effect and improve the
performance of CeO2-supported catalysts.
48
For instance, the low-temperature oxidation of CO can be catalyzed by highly
dispersed Au NP supported on CeO2 and its activity is controlled by several factors
such as the ability of the support to provide oxygen for the reaction (which will
depend on the facets exposed and thus morphology), the size and morphology of the
metal NP, the oxidation state of gold atoms...46,49 Moreover, a remarkable increase
in selectivity in the CO preferential oxidation (COPROX) reaction has been reported
as well,50 which is the oxidation of carbon monoxide in the presence of hydrogen,
an important reaction when it comes to the applications of ceria in PEMFC.
To explain the mechanisms of this synergy it has been proposed that ceria sup-
plies reactive oxygen in the form of superoxide and peroxide species to the gold NPs
(see Figure 1.7 A) while CO is adsorbed on them47 (B). Through an electron trans-
fer from the gold atoms to the support, the concentration of Ce3+ is influenced by
the deposited metal, which can be seen as the support influencing the valence state
of the metal element. In this sense, the metallic NP accelerates the adsorption of
gaseous O2 and the migration of bulk oxygen to the surface (C) through the creation
of oxygen vacancies at the surface.48,51 Due to that the active sites are considered
to be formed by the perimeter of the contact area between Au and the cerium oxide
support for low temperature CO oxidation (D).46,47,49 As the active oxygen species
are supplied by the ceria surface and adsorbed CO by the metallic NPs. This is
supported by the fact that an increase in surface content of Ce3+ (and thus oxygen
vacancies) is observed after the addition of NPs onto ceria.46
11
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Figure 1.7: Scheme of the Mars-van Krevelen mechanism for CO oxidation on ceria
with Au NP.
Taking these ideas into account, a structure was proposed for this strongly bound
metallic nanoparticles by Liu et al.47 The faceted Au NP is divided in four different
domains, each of them with a unique function. The internal gold atoms can be
regarded as supporting blocks as they do not participate directly in the reaction. The
surface and sub-surface layers are responsible for the adsorption of CO molecules.
The atoms at the Au-ceria interface perimeter are viewed as the active sites for the
reaction between oxygen species and adsorbed CO molecules to form CO2. And the
gold atoms at the interface between the NP and the support away from the perimeter
are responsible for the strong anchor of the metallic NP. It is generally accepted
that small particle size (<5 nm) is indispensable for a high catalytic activity,46,47,52
which was investigated by Valden et al. by establishing a correlation between specific
activity of the metal and their band gap (that varied with NP size). Concluding
that CO oxidation turnover frequencies (TOF) were higher for NP between 2.5 and
3.5 nm and associating the size sensitivity to quantum size effects.53
In accordance with these affirmations a correlation is often established between
the presence of ionic Au (Au+3) together with a good Au dispersion and catalytic
activity for CO oxidation. As Au dispersion and strong interaction with the support
can lead to a higher reducibility of ceria.46,49,50,52,54 As well as preventing sintering
which occurs when weak interactions between the support and the NP break uppon
an increase in temperature. Simultaneously, the electronic states and the stabiliza-
tion of finely dispersed Au depend on the facet exposed by the support (through
oxygen vacancy creation, the easier the creation of oxygen vacancies the easier the
Au NP stabilization and the stronger the interaction). So in nanorods for exam-
ple, where the energy of oxygen vacancy formation is lower, Au NP will be better
stabilized and dispersed and the fraction of Au+3 will be higher.50
In short, gold nanoparticles are known to adsorb CO but they do not strongly
adsorb and activate oxygen molecules which is the role of the reducible oxide support
for our case. Because of that, combining Au with a second metal able to dissociate
oxygen we would improve the catalytic activity.55 In fact, the use of bimetallic
12
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nanoparticles in catalysis has been investigated over the past two decades, with
the objective of exploiting synergistic effects between metals due to electronic or
structural modifications of the active sites56 to achieve enhanced catalytic properties.
Among the most common combinations is Au with a secondary metal, which has
promising results for CO oxidation. The secondary metal is much more susceptible
to oxidation than gold as the latter has the highest electronegativity in the transition
metals (2.54 eV). In a reactive atmosphere, phase segregation tends to take place,
with the secondary oxidized metal forming patches or shells around the gold-rich
core. Thereby acting as a promoter of oxygen species during the reaction and
also preventing sintering at high temperatures.57 This anti-sintering behaviour is
often described as the segregation of the second metal on the surface of Au NP
during calcination resulting in the formation of oxides which prevent the NP from
aggregation.58 Au Cu nanoparticles for example have been investigated in other
supports than ceria with outstanding results for low-temperature CO oxidation.57
It has been reported by Guardia et al. that for the case of AuCu bimetallic
nanoparticles supported on Al2O3, copper was active only in the form of CuO as a
layer or patches around the mainly Au NP and inactive in the metallic, alloyed with
Au state. The catalyst was deactivated when it was oxidized at 350 °C due to a
segregation of the CuO species from the Au NP (in other words a weak interaction
between them) and activated when put under reaction conditions,56 when the CuO
species migrated back to the Au NP. Which was in agreement with other studies
that reported that the interface between Au and CuO is the key for the catalyst
activation. Mozer et al. showed that while low Cu content was beneficial for the
oxidation of CO, high copper concentrations caused the blocking of Au active sites.59
This is in accordance with other studies like the one conducted by Sandoval et






The main purpose of this thesis is to understand the different catalytic properties of
different ceria-based materials and to ascribe the different behaviours to structural,
morphological and synthesis variations among other factors to find the path to follow
in the design of future catalyst with enhanced properties. To achieve that, the
following specific objectives will be pursued:
• Synthesize different ceria samples using procedures found in the literature.
• Test those samples in CO oxidation and characterize them using XRD, SEM
and XPS.
• Decorate the samples with equal loading of preformed AuCu bimetallic NPs.
• Test the decorated samples in CO oxidation and characterize them before and
after the reaction.
• Explain the results using the available literature and the theoretical back-
ground as well as the results from the characterization studies. Outline the
relations between different structures and compositions to catalytic properties.
Make a suggestion on the future steps that could be taken in the design of an
enhanced catalyst.
The use of homogeneous preformed bimetallic NPs will allow us to assign the
different catalytic performances to the NP-support interaction and the properties
of the latter. Excluding in this way changes in the size, morphology or loading of
the bimetallic NPs. Although in practice commercial catalyst are non-uniform, it is
convenient in our case to control with precision any possible source of variability. In
order to devise a reliable explanation for the different levels of catalytic activity.
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Pure ceria as catalyst
3.1 Experimental: synthesis and catalytic test
Three different synthesis were conducted to achieve ceria with different catalytic
activities. The first sample (S1) was produced using 4.882 g of Ce(NO3)3·6 H2O and
1.366 g of hexadecyltrimethylammonium bromide (CTAB) to obtain a 1:3 molar
proportion (CTAB : Ce3+), mixed using magnetic stirring and ultrasonication in 135
ml of deionized water until the precursors were completely dissolved. Afterwards,
15 ml of NH3·H2O 28 % were added with a buret drop by drop. A change of color
was observed as the solution acquired a brownish tone with the apparition of a
clear precipitate. The mixture was then poured into a 300 ml capacity Teflon-
lined stainless steel autoclave, closed and maintained at 433 K during 24 h. After
that, a whitish precipitate was obtained, which was carefully washed repeated times
with deionized water. Ultrasonication was used in order to disperse correctly the
nanoparticles and a centrifuge to separate the solution with ammonia and CTAB
from the nanoparticles, until all the additive was removed and the pH restored
to neutral. Finally, to remove the water two more washes were carried out using
ethanol before introducing the clean precipitate into an oven at 353 K and letting
it dry overnight. The dried precipitate was pulverized using a mortar and a pestle
until it appeared homogeneous and fine.
The second sample (S2) was produced with a similar method changing the con-
ditions and concentration of additive. 4.882 g of Ce(NO3)3·6 H2O were mixed with
2.7335 g of CTAB to achieve a molar proportion of 2:3 (CTAB:Ce3+). Under mag-
netic stirring and ultrasonication using 135 ml of distilled water. Subsequently, 15
ml of NH3·H2O at 28 % w/w were added using the same procedure as in S1, being
able to observe once more the change in color and the precipitation of cerium hy-
droxide. The mixture was then introduced in the same 300 ml Teflon-lined stainless
steel and maintained at 373 K for 8 h. After that the whitish precipitate was washed
several times with deionized water and ethanol before introducing it to an oven at
353 K overnight. The final step was once again the pulverization of the sample using
a the mortar and pestle.
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The third and last sample (S3) was produced dissolving 2 mmol of Ce(NO3)3·6 H2O
(0.86846 g) in 80 ml of deionized water. Followed by the addition with a Pasteur
pipette of 2 ml of NH3·H2O at 28 % w/w. This time a 100 ml Teflon-lined stainless
steel autoclave was used and put into an oven which was maintained at 493 K for
24 h. After that the precipitate was washed with water and ethanol several times
and dried at room temperature during 48 h. The pulverization was carried out as
usual.
Also two more samples were considered, nanorods (R) and polycrystals (P),
which were already synthesized and available at the time. To put it briefly, both
of them were produced using a electrospray to add an aqueous solution of 0.4 M
Ce(NO3)3·6 H2O to another aqueous solution with a concentration of (0.2 / 9.0) M
NaOH (P/R) under stirring for 30 min. Subsequently transferred to a PTFE-lined
cylinder and sealed in a stainless steel autoclave and heated at (423 K / 373 K)
(P/R) for 24 h. After that, the samples were washed with water and ethanol and
dried at 333 K overnight.42 According to the same article the sample P polycrystals
measured between 5-15 nm and were round-shaped. As for the rods sample, it was
determined a diameter between 10-15 nm and approximately 0.2-0.5 µm in length.42
The synthesized samples were characterized using a Scanning Electron Microscopy
(SEM) at 5 kV using a Zeiss Neon40 Crossbeam Station instrument equipped with
a field emission source. For R and P images of previous articles were used.42 X Ray
Diffraction (XRD) was carried out for four of the five samples (with the exception
of S3 as there wasn’t enough sample to produce the XRD pattern adequately) using
a Bruker D8 diffractometer with Cu Kα radiation (40 mA, 40 kV). And at last but






Were τ is the mean size of the crystalline domain, which will be smaller or equal
to the grain size depending on whether the sample is polycrystalline or monocrys-
talline. K is a dimensionless shape factor with a typical value of 0.9, λ the X-Ray
wavelength, β is the full width at half maximum (FWHM) in radians and θm is the
angle corresponding to the maximum. In other words, the angle which satisfies the
Bragg equation for the corresponding plane.
In order to find accurately β (FWHM) of the first peak (corresponding to [111])











+ aθ + b (3.2)
Where A is a constant which takes into account the area of the peak to avoid
being limited to the normalized Gaussian function, β is the FWHM we are looking
for, θm is the angle corresponding to the maximum and a and b two constants which
take into account the background noise.
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Moreover, using Bragg’s Law and the relation between the Miller indexes and
the distance between planes for a cubic system is possible to calculate the lattice
parameter for each sample.
2dhklsinθm = λ dhkl =
a√
h2 + k2 + l2
(3.3)
Where dhkl is the distance between the planes with Miller indices hkl, λ the
wavelength of the X-Rays used (which for our case is 1.54 Å), a the lattice parameter






h2 + k2 + l2 (3.4)
The first catalytic test was the CO oxidation reaction. The main set up of the
experiment is described in Figure 3.1 . The tubes, the plug flow reactor (PFR)
reactor and connections were purchased from Swagelok and the reactor was put into
a vertical oven to prevent the formation of preferential channels due to gravity (In a
horizontal reactor a gradient in pressure perpendicular to the flow direction creates
the apparition of gas preferential channels in the catalyst, that are used by the
gas mixture instead of obtaining a homogeneous flow through the sample). The gas
stream was measured at the beginning of each experiment with a soap-bubble-meter.
A gas chromatograph (Micro GC Agilent 3000A) equipped with MS 5A, Plot U and
Stabilwax capillary columns and TCD detectors was used to measure on-line gas
concentrations every 4 min. Which was calibrated by sending known and constant
fluxes of the relevant gases into the GC and relating the area of the signal given
by the TCD (Thermal Conductivity Detectors) for each one with the total amount
of each gas. For each test 2 mln/min (ml at normal conditions of temperature and
pressure) were used of CO and O2 as well as 96 mln/min of N2 as a carrier gas
obtaining a total constant flux of 100 mln/min. The temperature of the reactor
was changed using a PDI controller located in the oven surrounding the reactor, in
steps of 20 degrees from ambient temperature up to 100 % of conversion of CO to
CO2. For each temperature the corresponding transient time was waited until the
reaction stabilized. The main criteria to decide whether equilibrium was reached
was the reduction of the variation of the concentration of CO2 between injections to
the noise level of the instrument.
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Figure 3.1: Scheme of the experiment setup
For each catalyst the same experiment was carried out and 100 mg of sample
were carefully measured and introduced into a falcon tube. This was followed by
the addition of Silicon Carbide. A material used in heterogeneous catalysis for its
resistance to oxidation and thus inert character in redox reactions. The support
helped to control the volume occupied by the catalyst in the reactor regardless of
the density of the morphology. Which was important to attribute the differences in
activity between samples to other factors than the residence time in the reactor. The
volume of the mixture of Silicon Carbide and cerium oxide was maintained constant
in all the experiments at 2.6 cm3. This yielded a gas hourly space velocity (GHSV)
of 2300 h-1. The sample was introduced into the vertical reactor and sealed in both
sides with wollen glass to prevent the solid from escaping while letting the flow of
gas into and out of the reactor.
The quantities of each gas were registered and processed afterwards for each
sample. The CO conversion and CO2 evolution as a function of temperature and
CO2 as a function of time were obtained. Where the CO conversion was calculated










This is due to the fact that for low temperatures, when the reaction is slow,
the oscillations in the value of COout due to the GC noise were greater than the
CO2 produced and thus equation 3.5 yield unrealistic values of CO conversion. The
change from one formula to another is ideally done when both of them give similar
results and they are treated as equivalent due to the stoichiometric relation between
the two species in the reaction (for each mol of CO2 produced we should have 1 mol
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of CO less). With respect to the CO2 evolution, the gas cromatograph is calibrated
to give mln/min. So to convert this into the molar flux we only have to apply the
ideal gas equation PV nRT taking into account the pressure is constant and equal
to one atmosphere as the circuit is open and the temperature at the end of the













The evolution of CO2 against temperature is normalized due to the fact that
the experiments were carried out in different days and due to some minor leaks
and errors the total maximum flow of CO2 was not constant from one sample to
another. So the relevant information would be the normalized evolution of CO2 or
the conversion of CO as they don’t depend on absolute values.
3.2 Results: characterization and test
With the XRD pattern we confirmed the face centered cubic (fcc) crystallinity of the
samples by comparing to known data and assigning each peak to the corresponding
family of planes taking into account the systematic absences for the fcc system (In
some systems the destructive interference caused by the simultaneous diffraction of
X-Rays in two different families of planes yield no intensity in the XRD pattern,
which is shown in Figure 3.2).
Figure 3.2: XRD pattern of the samples.
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The values of the crystalline domains found after adjusting the Gaussian function
(equation 3.2) and applying the Scherrer formula (equation 3.1) are listed in Table
3.1. The lattice parameters calculated from equation 3.4 and the sizes of the NPs
from the histograms of the SEM images are also included.
Table 3.1: Crystal domains calculated from the Scherrer equation taking K = 0.9,








S1 22.2 5.427 22.6
S2 26.4 5.416 25.4
S3 - - 26.3
Rods 29.4 5.419 -
Polycrystals 16.5 5.419 5-1542
With the SEM images it was possible to make an educated guess on the mor-
phology. Which turned out to be polycrystals for S1, S2 and S3. Using the Fiji
Image J free software, an histogram of the different samples was made with at least
300 nanoparticles for each sample (Figure 3.3). And the results clearly pointed out
that the S1 sample was slightly smaller than the other two with an expected size
of 22.56 nm while the other two had a mean diameter of 25.37 nm (S2) and 26.28
nm (S3). Comparing the values obtained from the XRD pattern with this ones we
can assume the three samples are monocrystalline (Even though we refer to the
morphology of the samples as ”polycrystals” due to the non-exclusive presentation
of different facets, the samples only have one crystal domain and thus are monocrys-
talline). The differences between the two methods can be attributed to experimental
error and the shape factor K which depends on the geometry.
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Figure 3.3: SEM images and Histograms
SEM images of the preformed rods and polycrystals are included in Figure 3.4
for completeness, taken from.42
Figure 3.4: SEM images of CeO2-nanopolycrystals and CeO2-nanorods
42
The results of the catalytic test indicate that, even though they have the same
morphology and similar size, there are differences between the samples S1, S2 and
S3 which endow them with differences in catalytic activity. With the highest CO
conversion for S1 and the lowest for S3, being S2 similar to S3 at low temperatures
and similar to S1 at higher ones. Little difference is observed between S2 and
Polycrystals, which induces to think that there are no important morphological
differences between both samples.
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Figure 3.5: CO oxidation of bare ceria results
The differences between the morphologically similar samples S1, S2, Polycrys-
tals and S3 can be understood taking into account that different synthesis meth-
ods most likely provide the samples with different proportions of exposed facets,
low-coordinated sites at the surface (active sites) and different concentrations of va-
cancies at the bulk. For instance, considering the relation between oxygen vacancy
concentration and lattice parameter in Table 3.1, as well as the higher catalytic
activity for S1 we could make an educated guess and propose that the increased
concentration of vacancies gives this sample a higher oxygen mobility.10 Which
could be expected as oxygen diffusion coefficient on ceria depends greatly on stoi-
chiometry.60 Given that the lower oxygen vacancy formation energy was linked with
the predominant planes in the Rods sample but shows one of the lowest activities,
we can discard it as a key step in the reaction for this conditions. And suggest
that the limiting factor for CO oxidation in bare ceria will be oxygen diffusion. For
higher conversions the availability of active sites gains importance and the results
show that S3 has less active sites than the other two synthesized samples.
Finally, it can also be considered the exposed surface by the catalyst. As 100 mg
where used for each sample, and rods have larger dimensions at the nanometer scale
they will expose less surface than the rest of the samples. For a given concentration
of active sites more surface exposure should yield a higher catalytic activity.
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3.2.1 Activation energy
From a macroscopic point of view without taking into account the steps of the




O2 −−→ CO2 (3.8)
The rate of the reaction is defined as moles of product formed per second and









The rate of a reaction is dependent on multiple factors. Assuming different
factors such as temperature or concentrations are independent from each other we
can take them into account separately. For the effects of concentration on r we
introduce the concept ”order of the reaction”. The origin of this term comes from
investigations in which it was recognized that, in many cases, the rate at a given
temperature is proportional to the concentration of a reactant raised to a simple
power. The sum of all the powers will be the order of the reaction.
r = k(T )[CO]α[O2]
β (3.10)
Where k(T ) is the rate constant depending on temperature, and α and β are the
partial orders of the reaction. For our case of study the concentrations of reactant
will be held constant at the reactor and thus the order of the reaction will not be
relevant (n = α+β). The Arrhenius equation is an empirical relation that gives the
dependence on temperature of the rate constant. Introduced by Arrhenius in 1889
influenced by the form of the Van’t Hoff equation.
k(T ) = Ae
−Ea
RT (3.11)
Where A is a pre-exponential factor, R the gas constant in JK−1mol−1 and Ea
the activation energy of the reaction in Jmol−1, which is considered here independent
of the temperature. The activation energy would depend solely on the mechanisms





Redefining the pre-exponential factor taking into account the concentrations of
the reactants are held constant.
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Taking the natural logarithm at both sides:
ln r = lnB − Ea
RT
(3.14)
Considering this last equation we can extract the activation energy with a linear
fitting to the experimental data relating the logarithm of the rate of the reaction
and the inverse of the corresponding temperature. We present in Figure 3.6 1000/T
instead of 1/T as independent variable in order to find directly the activation energy
in kJ/mol. The results of the linear regressions are depicted in Table 3.2.
Figure 3.6: Linear fitting to experimental data of the Arrhenius equation
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Table 3.2: Results of the linear regression and calculation of Ea
Slope ( −Ea
1000R
) R2 Ea (kJmol
−1)
S1 -6.9 0.999 57.4
S2 -7.14 0.999 59.4
S3 -6.94 0.998 57.7
Rods -7 0.998 58.2
Polycrystals -6.91 0.999 57.4
Predictably, the activation energies for all the samples are nearly identical. As
the reaction mechanism was the same and the differences between them didn’t play
a determinant role in this conditions.
In general, regardless of the morphology or the structure, the redox reactions with
ceria can be roughly divided in two essential steps. The first one being the transport
of oxygen in the bulk and the second one the surface exchange (the adsorption and
desorption of species). At low CO conversions the active sites are mostly available
and the limiting step is the diffusion through the bulk, diffusion through the surface
or the rate of vacancy creation (sometimes called the kinetic-regime of the reaction).
For higher rates of the reaction, the limiting step will be the availability of active
sites and thus surface exchange will be the limiting step (which we will refer to
as saturation-regime).61 The Arrhenius equation is adjusted for each case in the




4.1 Experimental: Synthesis and catalytic test
The Au50Cu50 bimetallic NPs were prepared as described elsewhere in.
62 With face
centered cubic structure, an average diameter of 2.3 nm and a narrow distribution (95
% of NP are between 2.1 and 2.6 nm). Llorca et al. measured the lattice parameter
with HRTEM (High-resolution transmission electron microscopy), finding a value
between that of pure gold (aAu=0.4079 nm) and that of copper (aCu=0.3615 nm).
62
The AuCu/CeO2 catalyst were prepared by incipient wetness impregnation from a
toluene solution. Which contained the AuCu NPs in a 40 mM concentration. Taking
the molar mass of Au as 196.9665 g/mol and the molar mass of Cu as 63.546 g/mol








S1, S3, nanorods, and nanopolycrystals were decorated with NPs following the
same method. To obtain a concentration of 1 % in weight we impregnated 150 mg of
each sample with 1.5 mg of NPs which implied the use of 288 µl for each one as shown
in equation 4.1. S2 sample was not used as a similar behaviour than Polycrystals
was expected due to the same morphology, similar size and nearly identical catalytic








= 0.288 ml (4.1)
The 288 µl of suspension were added using an air displacement pipette to achieve
a uniform impregnation for each sample. Afterwards they were placed into an oven
at 673 k for 4h and then pulverized with a mortar and a pestle to achieve a good




To have a better understanding of the transformations that take place in our
catalyst one more sample was prepared. 300 mg of ceria rods were decorated with
bimetallic NPs, this time instead of 1 % in weight we aimed for 3 % in order to be
able to see more clearly the bimetallic NP in the XRD pattern and XPS spectrum.
For the bimetallic NPs we expect to find the highest peak ascribed to its fcc crystal
structure corresponding to 111 planes between that of pure gold and that of copper.
Considering their lattice parameters the position of their respective 111 peaks can be
calculated (The angle at which the 111 planes will produce constructive interference).






h2 + k2 + l2
)
(4.2)
In addition to the x-ray powder diffraction test an XPS study was carried out
using Kα x-rays at 1486.6 eV. The photons are able to penetrate in the sample up to
some micrometers, with the exact number depending on the energy of the electrons
and the elements in the solid. Interacting in this way with the different atoms of the
sample through the photoelectric effect. The photoelectrons produced in the process
may escape the solid with a certain kinetic energy Ek and reach the detector.
Ek = hν − Eb − φ (4.3)
Where hν would be the initial energy of the photons (1486.6 eV), Eb the binding
energy to the nuclei and φ the work function of the spectrometer (the difference
between the Fermi energy and the vacuum energy). As the electrons will lose en-
ergy rapidly the mean escape depth will be small, of the order of tens of Angstroms
(much smaller than the penetration depth). More precisely, the signal that is re-
ceived from the detector can be considered to come from a depth smaller than three
times the IMFP, which is the inelastic mean free path or the average distance that
electrons travel without having an inelastic collision and losing energy.63,64 This can
be understood taking into account that the contribution to the intensity of photo-
electrons coming from a depth r (measured perpendicular to the surface) is given
by Beer-Lambert law (equation 4.4).
I = I0e
−r/λ (4.4)
We can calculate the total intensity integrating for all depths and compare that









−r/λdr = 0.95I0λ (4.5)
Therefore it is clear that 95 % of the signal arriving at the spectrometer comes
from the first 3λ nm of the sample, being the contributions more important as we
approach the surface. Tanuma et al. calculated the IMFP for different elements and
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x-ray energies.65 Obtaining for 1500 eV x-rays IMFPAu ∼ 1.7 nm and IMFPCu ∼
2.2 nm. Although some authors have reported that the maximum escape depth for
that x-ray energy in bimetallic nanoparticles is ∼ 2.5 nm.66
Moreover, during the analysis, some samples tend to accumulate a stationary
charge. This charge modifies the position of the peaks and has to be corrected using
some well-known peaks, typically C 1s. Also, it has to be taken into account that in
heterogeneous samples, different materials may acquire different charges and thus
must be compensated differently. Deconvolution and processing of the peaks was
carried out using the CasaXPS software. The compensation for the static charge was
made using the 3d5/2 and 3d3/2 cerium lines for all the spectrum and an additional
calibration with 1s carbon line for gold and Ce 4s for oxygen.
4.2 Results
The same experiment carried out for the samples without metallic nanoparticles was
conducted for the decorated ones, using the same set up as described earlier. The
results of which are shown in Figure 4.1. One of the more noticeable differences
was the much higher activity at low temperatures with respect to bare ceria. The
best results were obtained for AuCu/Rods with 92 % of CO conversion at 373 K
(100°C). Followed by S1, Polycrystals and S3. The point in which the production
of CO2 as a function of temperature is non-differentiable can be understood as a
change in the catalyst structure (”activation”) which will be explored more deeply
afterwards. The values of the temperature for 50% and 100% of CO conversion (T50
and T100) are shown in Figure 4.2. Where the remarkable enhancement of ceria as
catalyst can be clearly seen.
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Figure 4.1: Results for CO oxidation of the bimetallic catalysts over different ceria
samples




The results present differences in T100 between the decorated and the pure ceria
samples of 300 K in average. With the highest difference observed for S3 and the
lowest for S1. With the former presenting a reduction in the activation energy
of 63 %. As it is shown in Figure 4.3. In addition, with a closer look at the
results it can be noted that the differences in T100 between the AuCu/x samples are
smaller than the variations in T50. Which can be understood taking into account
that the activation temperature (and thus the reach of higher conversions) was
morphology-dependent as will be explained and took place in the kinetic-regime,
while the complete conversion of CO occurred in the saturated-regime (which was
alike for all the samples due to the similar structure).
Figure 4.3: Activation energy from the fitting of experimental data to the Arrhenius
equation.
As the bimetallic NP were the same for all the samples, the overall improvement
in catalytic activity at low temperatures should be ascribed to the synergistic effect
between ceria and the bimetallic AuCu nanoparticles while the differences between
them should be related to the distinct synthesis methods for the ceria support.
Which now, in the presence of AuCu NP will not have the same effect as with
bare ceria at higher temperatures. Given that the limiting factors of the reaction
change with the variations in the catalytic system and conditions, is comprenhensible
that the order in catalytic activity is not mantained with respect to the previous




In a previous study Au/CeO2 catalyst where synthesized and used in CO oxi-
dation.42 Among the different samples used as support the rods and polycrystals
used in this previous experiments were tested. Yielding the following results for CO
oxidation:




Which seem to present a slightly lower activity than the rods and polycrystals
decorated with AuCu in this work. However, a direct comparison should not be made
due to the fact that the loading and size of metallic nanoparticles was different. The
Au NP of Table 3.2 had a diameter between 4.5-5.5 and were loaded in a 0.25 %
wt.42 While the bimetallic NP of this study were loaded in a 1 % wt. and had
an average diameter of 2.3 nm with a narrow distribution before calcination, as
mentioned before.
4.2.1 Activation of the catalyst
Another remarkable difference with respect to the bare ceria experiments was the
time used by the system to reach steady state for a given temperature. For example,
if we compare the sample S1 in CO oxidation before and after decoration with
bimetallic NPs, there is a clear difference in the amount of time consumed to reach
equilibrium. In Figure 4.4 we observe that for each change in temperature the system
took an hour to reach a constant value of CO2 at the entrance of the GC. While in
Figure 4.5 it can be shown that at a certain temperature the system took more than
a day to reach equilibrium. The exact temperature at which activation took place
varied between the different supports and are presented in Table 4.2. This delay
in the dynamics of the reaction was ascribed to a structural change in the catalyst
involving the bimetallic NPs. Another hint which supported this hypothesis was
the difference in performance once activated. Observed in Figure 4.5 and even more
clearly in Figure 4.6. As the experiments were too long to be carried out in a single
day, in some cases the oven was cooled during the night and started again on the
next morning. And for the sample AuCu/S1 it can be clearly seen how at the next
day the system reached in half an hour for 373 K a level of activity that took the
previous day more than 3 hours (Figure 4.4).
Table 4.2: Comparison of the approximated activation temperatures between sam-
ples
AuCu/S1 AuCu/S3 AuCu/P AuCu/R
Tact(K) 373 393 < 393 353
31
AuCu/ceria catalyst
Figure 4.4: CO oxidation experiment for S1 (bare ceria)
Figure 4.5: CO oxidation experiment for AuCu/S1
Figure 4.6 gives further support to our previous hypothesis with a clear hysteresis
between the heating and cooling ramps in the experiment for AuCu/S3 (which could
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have been observed probably in the rest of samples). A much higher activity is shown
by the catalyst for each temperature once it has been activated, this time at 393 K.
Other studies have also reported this kind of hysteresis between the heating and the
cooling ramps attributing it to a change in the catalyst structure.67
Figure 4.6: CO oxidation experiment for AuCu/S1
4.2.2 Structural changes
Equation 4.2 give us the value of θ in radians, converting to degrees and multiplying
by a factor of 2 we obtain the interval in which we should find the peak corresponding
to an alloy of the two metals. Yielding 38.17° for Au and 43.29° for Cu. Where we
are carrying the error made in the calculation of the lattice parameter. A change
in 0.002 Å in the later will cause a change of 0.05 °. So the second decimal should
probably not be taken into account.
As the original signals were very noisy a convolution was carried out using 150
points of a fifth degree polynomial (Savitzky-Golay method) with the Analysis tool
Origin. Subsequently the peak was identified and as we can see in Figure 4.7 is
nearly non-existent. This might be for two non-excluding reasons. The first one is
that a 3% in weight with so small NP might not be enough to yield an intensity
higher than the noise of the instrument, and thus the peak is nearly overlooked. The
second has to do with the fact that during calcination, part of the metallic Au and
Cu atoms may have entered the ceria lattice and thus doped the catalyst. In this
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case, they will diffract just as the fluorite structure and won’t yield any intensity
in the mentioned interval whatsoever. This second hypothesis would be supported
if a change in the lattice parameter was observed with respect to bare ceria rods,
given that Cu atoms have a much smaller radius than Ce and Au atoms have a
slightly smaller radius too. Using once more equation 3.4 we can extract the lattice
parameter from the XRD pattern and compare it with the one we had for Rods.
Which yielded in this case a value of 5.4175 Å, which is slightly smaller than the
one found for bare ceria 5.4188 Å. Although the reduction in the lattice parameter
points out to the doping of ceria, the change in the lattice parameter is so small we
have to consider if it is relevant at all. For instance, the propagation of uncertainty
has to be taken into account to see if the observed variation is greater than the
























Taking as λ = 1.54 Å, θ = 0.333265 rad (which is half of the measured 38.1894° in
radians), dλ = 0.001Å and dθ = 8× 10−5 rad (which is half of the 0.01°angle step in
radians). We obtain an uncertainty for the value of the lattice parameter calculated
with equation 3.4 of ∼ 0.004. Given that the uncertainty of our measure is greater
than the difference between the lattice parameter of rods and the one of bimetallic
NP on rods we can’t extract any reliable conclusions from this change in a.
Moreover, we can make a rough estimation on what would be the expected change
in the lattice parameter if the Cu species of the NP had doped the ceria support








Taking the lattice parameter of rods we obtain a cerium radii (rCe) of 1.916
Å, which is between the ionic (1.11 Å for Ce (IV)) and covalent radii (2.04 Å) for
cerium, taken from WebElements. Supposing the ceria has been doped uniformly,
the 3% in weight of AuCu NP would correspond to a certain number of Cu moles
that would yield a certain proportion of substituted Ce cations. The molar fraction
x of Cu/(Ce + Cu) is ∼ 0.0194. And considering again the relation for the fcc lattice






((1− x)rCe + xrCu) = 5.386 Å (4.10)
Where the covalent radii of Cu (1.32 Å) has been used instead of the ionic
(0.68 Å) to over-estimate the lattice parameter value, again from WebElements.
This estimation agrees well with the lattice parameter of Ce0.975Cu0.025O2 found by
Aranda et al. (5.397 Å). For which they observed a change in the lattice parameter
of 0.018 Å with respect to stoichiometric CeO2.
68 Although another study done by
Kim et al. reported a change of 0.008 Å between CeO2 and Ce0.95Cu0.05O2–δ,
69 is still
way smaller than the difference found in our samples (0.0013 Å). Thus concluding
that the difference observed in lattice parameter does not constitute reliable proof
of the Cu atoms entering the ceria lattice. An educated guess can be made, claiming
that at most, a small fraction of the total Cu loading may have entered the lattice.
But the majority of the copper loading stayed on the surface after calcination.
Figure 4.7: XRD pattern of the 3% AuCu decorated Rods before reaction.
Nevertheless the diffraction peak corresponding to the allegedly bimetallic NP
is far more close to the peak corresponding to Au 111 than to the Cu 111 peak.
Which induces to think that the copper species are not located in the NP as part
of the alloy, but segregated to the interface with the support, the core of the NP or
elsewhere. This results are in agreement with some studies which, after calcination,
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found that the Cu species had migrated from the metallic NP and were present as
CuO clusters, either amorphous or too small to be observed by XRD.56,58 Also with
some studies that reported to observe only the shell element in XRD patterns with
core-shell bimetallic structures.70 The hypothesis made here may be later confirmed
with the XPS results. Either the doping of the lattice or the migration of Cu species
to the surface support coincides with previous results on AuCu NP. As some of them
have doped ceria with Cu69,71 and the ones that used AuCu bimetallic NP did not
use ceria as support and found CuO species migrated from the Au NP.58,67,72
At this point two structures can be discarded after calcination. AuCu alloy NP
supported over ceria (as it will yield a diffraction peak closer to the one corresponding
to Cu 111). And Au NP with CuO patches, as this structure would be active for
low temperature CO oxidation from the start. What is clear is that our AuCu
bimetallic NP have suffered some phase segregation during calcination and that Cu
species are either amorphous or too small to produce a diffraction peak such as the
one produced by Au clusters left behind.
The XPS spectrum shows lines corresponding to cerium, oxygen, gold, carbon,
which is always present due to hydrocarbons introduced from the laboratory en-
vironment and no other major contaminants whatsoever. Unfortunately, the lines
corresponding to Cu are overlapped with a shake-up from cerium, thus making
difficult the extraction of quantitative results. In some cases, there is a certain
probability that after ionizing the atom, the ion ends up in an excited state, and
thus the photoelectron reaches the detector with less energy (kinetic energy of the
electrons) than they normally would for that element. Whenever this probability is
high enough we obtain the apparition of lines at a higher energy (binding energy of
the electrons to the nuclei) than the corresponding binding energy to that element.
Called shake-up lines and found for Cerium and also for copper as we will see.
The spectrum reveals Au lines at 88.1 eV and 84.6 eV for 4f5/2 and 4f7/2 re-
spectively. With a difference in energy between them of 3.58 eV, which is similar to
the theoretical value ∆E = 3.67 eV.73 As it is shown in Figure 16. In general, the
binding energies of NP exhibit a shift with respect to bulk samples, even more so
when forming alloys.74 As an example, Kim et al. reported that pure metallic Au
NP without support exhibit the 4f7/2 line at 84 eV
75 while AuCu3 showed the same
line at 85 eV. Moreover, it has to be taken into account the support dependence.
While for pure metallic Au NP without support exhibit the 4f7/2 line at ∼84 eV,75,76
supported on CeO2 show it at 84.5 eV
77 and supported on TiSi (Titania-Silica) at
83.1 eV.78 Taking this into account is reasonable to assume that we have Au in
its metallic state, with the shift to higher binding energies ascribed to the effect of
having NP and maybe Cu species remaining in the NP.
Ce 3d is fitted correctly taking into account the presence of the two lines 3d5/2 and
3d7/2 for both Ce(III) and Ce(IV) species. In the case of Ce(IV) this is complicated
by the fact that there are three possible final states for the ionized Cerium and thus
the two lines corresponding to the spin-orbital doublet become 6. While for Ce(III)
there are only two possible final states, therefore 4 lines.79 As it can be seen from
Figure 4.8 Taking into account the relative areas of each line and summing all the




O 1s is deconvoluted into two different peaks in Figure 15. The first one at 528.73
eV is normally ascribed to CeO2 lattice oxygen as reported by Mullins et al.
79 The
second one at 530.93 eV is assigned to ( OH) groups at the surface by some studies
of XPS analysis of ceria, which may come from background H2O.
80,81
This results give us information about the first nanometers of our sample. Specif-
ically, for the Au NP the mean escape depth of the electrons is expected to be ∼
2.5 - 5 nm as explained before in section 4.1 (where 5 nm come from 3 times 1.7 nm
which is the IMFP for photoelectrons from 1500 eV x-ray in Au). And thus, in the
case of NPs smaller than ∼ 5 nm we would expect that the XPS technique would
clear the entire composition. However, as reported by Llorca et al., the bimetallic
NP experience some growth during calcination. Which is proportional to the cal-
cination temperature and the NP loading on the support. For our case, the NP
are expected to have a mean diameter of ∼ 6 nm if we don’t take into account the
different supports used in this work and in the reference article (CeO2 and TiO2).
62
Figure 4.8: XPS spectrum showing Ce 3d5/2 and Ce 3d3/2 of the two possible oxida-
tion states of Ce in cerium oxide.
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The lines corresponding to Cu species were too weak to extract any reliable data
taking into account that the low level of the signal could be due to the low metal
loading of the sample. Even though the same atomic loading was carried out for
both metals, the cross-section for both elements at the used x-ray energy is different.
This cross-section for emission is the probability of extracting an electron due to the
incoming radiation, which is dependent on the element, the orbital and the energy
of x-rays.63 In addition, the lines corresponding to the 2p3/2 lines of different copper
oxidation states are very close together between 934 eV and 932 eV, followed by
shake-up lines of the Cu (II) oxide and the 2p1/2 lines.
82 What is clear from Figure
4.9 is that the difference between them is minimal, and thus should be able to discard
any major changes in the Cu species in the first nm of our sample.
In order to properly understand the difficulty in obtaining quantitative results
as well as confirming the presence (although minimal) of a line corresponding to Cu
species, two XPS spectrum of bare ceria are compared to the post-reaction sample in
Figure 4.10. The difference between them can be clearly seen as the binding energy
corresponding to Cu species is slightly higher than the shake-up coming from cerium.
The calibration for the post-reaction XPS spectrum was carried out using the
same elements as in the pre-reaction spectrum for each line. Au lines after reaction
shifted to 84 and 87.6 eV for 4f7/2 and 4f5/2 respectively. A variation in the binding
energy is usually ascribed to the the removal or adding of electronic charge due to a
change in bonding. And thus a decrease in the binding energy represents a transfer
of electronic charge to the Au atoms (possibly due to a change in their chemical
environment as will be later discussed). Still we can consider we have metallic Au
although with a different environment as mentioned.
Ce lines were fitted as explained for the pre-reaction spectrum. Finding this time
a proportion for each Ce oxidation state of 13.3 % and 86.7 % for Ce (III) and Ce
(IV) respectively. Which is very similar to the one found for pre-reaction conditions
taking into account the difficulty of adjusting perfectly the 10 merged peaks of Ce
3d5/2 and Ce 3d3/2.
O 1s is deconvoluted in the same way yielding the main line at 529 eV (which
is in the range of energies for metal oxide as before) and the one corresponding to
(-OH) groups at 531.13 eV. So no important changes are observed in oxygen species.
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Figure 4.9: Pre-reaction and post-reaction lines of Cu.




Figure 4.11: Post-reaction XPS spectrum showing Ce 3d5/2 and Ce 3d3/2 of the two
possible oxidation states of Ce in cerium oxide.
With this information into account we can devise a pre-reaction scenario in
Figure 4.12. Discarding those structures we know that are not compatible with
either the results, the XRD pattern or the XPS spectrum. As explained before the
initial average diameter of the NP a was ∼ 2.3 nm. After calcination, the expected
size of the NP is c ∼ 6 nm and the XRD pattern showed Au NP.
All in all, we have discarded that a major fraction of the Cu loading has entered
the lattice due to the discussion made previously with the lattice parameter. Also,
we have ruled out the possibility of having the copper alloyed with gold in the NP
due to the position of the NPs peak in the XRD pattern. Moreover, given that there
are no important changes between the pre- and post- reaction lines of Cu we can
assume that the Cu atomic fraction is similar. Assuming that the final structure after
activation is the one reported in the literature and mentioned in section 1.7 (which
is the one known to be active for CO oxidation), we can probably discard migration
of all the copper loading upon reaction conditions from the core to the surface of
the NP. If that was the case, the differences between the pre- and post- reaction
spectrums for Cu would have been greater. Nevertheless, as the quantification of
surface Cu cannot be conducted this is only an educated guess and the possibility of
having important surface segregation upon reaction conditions should not be totally
ruled out. Finally, as the results of the experiments presented in section 4.2.1 point
out to a transformation of the catalyst and were not active from the start, the
possibility of having CuO species in contact with the NP before the reaction is also
dismissed. Leaving us with the two options depicted in Figure 4.12. Where the Cu
species are probably Cu oxide formed during calcination in air. As those conditions
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are more favorable to oxidation than the reaction gas mixture, considering there was
a higher proportion of CO than O2.
Figure 4.12: Pre-reaction depiction of the catalyst structure based on the charac-
terization and experiments results.
As for the XRD pattern after reaction the results show a shift in the NP 111
peak as well as the ceria 111. For cerium oxide we found now the 111 peak in
2θ = 28.4°while for the metallic NP we found ∼ 38.1°which is ascribed to pure Au
NP. Carrying out the same procedure as done for the XRD pattern before reac-
tion and using equation 3.4 once more we obtain a lattice parameter a = 5.437Å
which is an important increase with respect to the lattice parameter before reaction
(a = 5.418Å). The shift of the NP peak may be ascribed to the segregation of the
remaining Cu species in the Au clusters to the surface under reaction conditions
(several examples of such phase segregation are found in the literature as will be
mentioned). As for the increase in the lattice parameter one possible explanation
would be the depletion of oxygen in the bulk during reaction. The increase in oxygen
vacancies in the bulk (while the concentration in the surface has decreased) would
provoke an increase in the lattice parameter as we have already seen. Although this
is only a hypothesis and none of the results support this claim in particular.
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Figure 4.13: XRD pattern of the 3% AuCu decorated Rods after reaction.
4.3 Final discussion
Considering the mentioned literature and the results of this work, it is reasonable
to think that upon calcination in air metallic Cu atoms were oxidized and driven to
the support surface or even to the core as mentioned earlier. The exposure of the
catalysts to the reaction atmosphere induced a structural change linked with the
migration of CuO species from the support (or core) to the Au NP surface in strong
interaction with gold.56 Which could be attributed to the presence of CO, given
that the catalysts were calcined at 673 K in air without activating. Several other
examples of metallic surfaces reconstruction or CuO species migration under CO
exposure and reducing atmospheres can be found in the literature.57,67,83 This phase
segregation has proven to be size and support dependent among other factors in
several theoretical and experimental studies56,67 agreeing with the results presented
in this work. Exposure of bimetallic NP to reactive environments can cause surface
segregation, dealloying and selective oxidation as reported by Destro et al.67 In
fact, surface segregation is a common phenomenon for bimetallic catalysts, and is
influenced by the properties of the two components such as bond strengths and
surface energies and also affected by external conditions such as temperature and
composition of the atmospheres during the pretreatment and reaction steps.58
It has been shown several times that CO does not adsorb strong enough onto
Au–Cu alloy nanoparticles compared to Au nanoparticles and thus without the
creation of CuO we would observe less catalytic activity for AuCu/Rods than for
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Au/Rods.55,56,84 Supported by the fact that before activation, at room temperature,
the observed catalytic activity is negligible. It has been reported by Bauer et al.that
the activity of the bimetallic system starts to increase at the temperature at which
the migration of Cu ocurred.56,84 This CuO species would facilitate the adsorp-
tion and activation of gas oxygen and stabilize the gold nanoparticles as mentioned
before.55
Therefore, taking all this information into account, a mechanism for CO oxi-
dation can be proposed. Where Au or AuCu sites would be responsible for the
adsorption of CO while CuO and the ceria surface would strongly bind and activate
oxygen gas species. The support would also be responsible for the segregation of
Cu at low temperatures in the reactive environment, as other studies which used
different supports other than ceria have reported activation by the same mechanism
but at much higher temperatures.67,72 And considering the correlation established
between oxygen vacancy formation energy at the surface and activation at lower or
higher temperatures, we introduce here a possible explanation. The samples with
the lowest vacancy formation energy are the ones that enabled the migration of Cu
oxide at lower temperature, that is to say Rods. Oxygen vacancies at the surface
would increase surface diffusion. Among the rest, the order of activation follows the
same order of catalytic activity of bare ceria. Which depended strongly on oxygen
mobility and the possible different proportions of facets exposed (directly related
with the redox properties of each sample).
Figure 4.14: Scheme of the reaction mechanism proposed for AuCu bimetallic NP
supported on ceria
In this case, the interface between Au or AuCu and CuO is considered as the
active region of the catalyst. CuOx would provide the activated oxygen species (C)
while CO would preferentially adsorb onto Au atoms (B) (although in some reports
CO adsorption onto Cu and O adsorption onto Au have been reported as well71). The
adsorbed CO would react with activated oxygen on CuOx (D). This oxygen would
be regenerated by lattice oxygen and gas oxygen species.67 The reduced competition
of the reactants for the binding sites is one of the characteristics that grants this
system with a good catalytic activity as predicted by DFT in some reports.85
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The formation of CuO clusters in strong interaction with Au metallic species
enhanced the catalytic activity. However, this synergistic effect is highly dependant
on the CuO coverage degree of the Au-rich core. Which in turn depends, for a given
support, on the Au/Cu ratio.56,57,72 Taking into account the reaction mechanism
proposed above, it is reasonable to think that the best ratios will be those which yield
at the end partially covered Au-rich cores. As the catalytic activity will be inhibited
for totally covered ones. Moreover, the smaller the CuO patches, the higher ratio




The synthesis and characterization of different ceria samples was carried out. Despite
the fact that in all cases the most stable thermodynamic morphology was produced,
the reaction tests showed different levels of catalytic activity and oxygen mobility
for each one. Which has been determined as the key factor for understanding the
differences between bare ceria samples in CO oxidation. Being the most active one
S1.
Preformed AuCu NP were deposited through wetness impregnation to enhance
the catalysts by modifying the reaction mechanism. The catalytic performance of
all the samples increased strongly. And clearly, the activation and creation of the
active structure was support dependent. Also support dependent, although in a
smaller extent, was the catalytic performance after activation (considering the T100
value as a measure of performance). The posterior characterization was conducted
successfully. Which allowed the elucidation of the main structural changes that took
place and the reaction mechanism behind the increase in activity with respect to
bare ceria samples.
Based on this findings and on the bibliography research, it is possible to devise
the future steps that should be taken in order to further improve the catalytic system
Future prospects
In regards of the main work presented here, several changes could be implemented to
improve the results that support the hypothesis presented here. For instance, as we
have already mentioned, during the synthesis that were carried out the most stable
morphology was obtained. A more compelling outcome would have been the obtain-
ment of different morphologies with well defined facets. In order to discern precisely
the exposed crystallographic plane effect on the formation and performance of the
CuO/Au/CeO2 catalyst. In addition, the XPS studies were not conclusive with
respect to the Cu surface concentration due to the difficulties mentioned. Several
ways of avoiding those difficulties would be to increase the metallic NP loading even
more (supposing the same transformation took place), using different x-ray energies
the signal from Cu species cold be emphasized (as the cross-section was dependent
on the energy of the incoming radiation).
As far as the activity of this bimetallic catalyst is concerned, it could be im-
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proved in several ways. For instance, a study by Wangcheng Zhan et al. stated
that the crystal structure of the AuCu nanoparticles played an important role too.
And demonstrated that face centered cubic (fcc) and face centered tetragonal (fct)
structures showed remarkable differences in phase segregation and catalytic perfor-
mance with the later being more active than the former. Another important factor
might be NP size, that parameter could be varied in order to find an optimal value.
In the same way, calcination temperature and AuCu can be more finely tunned in
order to find the optimal structure. One more way to improve the system could be
combining the doping of the ceria lattice with Au and Cu (or other dopant) and the
deposition of the same bimetallic NP.
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Appendix
Figure 15: Pre-reaction XPS spectrum showing O 1s.
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Figure 16: XPS spectrum showing Au 4f doublet. In black is presented the photo-
electron intensity and in red and green the deconvolution of the data.
Figure 17: Post-reaction XPS spectrum showing O 1s.
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Figure 18: Post-reaction XPS spectrum showing Au 4f doublet.
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